Two-dimensional (2D) materials may offer the ultimate scaling beyond the 5 nm gate length.
Introduction: The rise of elemental 2D electronic materials beyond graphene
In the semiconductor sector, CMOS technology has played a key role in the last decades and helped follow Moore's law, which predicted that the number of transistors in a semiconductor chip roughly doubles every 18 months. Already, advanced CMOS miniaturization is at the "More Moore" domain, while "More than Moore" aims at progresses to enable non-digital micro/nanoelectronic functions. Novel disruptive routes must be explored to push the downscaling of the key electronic device, the field-effect transistor (FET) towards transistors with gate lengths of 5 nm, typically to overcome the so-called ON/OFF and energy dissipation problems, i.e., detrimental short-channel effects. To this end, the use of 2D materials in the active channel of the transistor might be essential [1] , and novel materials could be a source of innovation and performance gain [2] .
The rise of 2D materials began in 2004 with graphene [3] . Since then, intensive research effort has made remarkable progresses in both basic science and electron-device technology of this material, as recently reviewed [4] . Digital devices requires an on-off ratio larger than 10 4 , and a good saturation of drain current is needed for power gain in a radio frequency (RF) FET [5] ; graphene so far fares poorly on both counts due to the absence of a bandgap [6] . While researchers try to open an energy gap in graphene through various means (chemical funtionalisation [7] , quantum confinement in nanoribbons [8] , electric-field on bilayer [9] and tri-layer [10] graphene, AB sublattice symmetry breaking through substrate interaction [11] , to name a few), another line of research pries the field wide open -the exploration of new functional 2D materials beyond graphene. Recent studies indicate that hundreds of 2D materials should exist [12] . Indeed, the experimentally accessible 2D materials grows at a rapid pace. Such a diverse family encompasses a large variety of material properties including insulators, semiconductors, semimetals and metals. An exciting aspect of 2D materials is to take advantage of the vastly different properties of different layered materials, and stack them into heterostructures to create novel devices made of atomically thin components [13] . Each 2D material known or to be discovered could thus serve as Lego brick to build new materials with tailored properties. In this context, elemental 2D materials [14] stand out for their simple composition/structure, but rich electronic properties that have raised huge interest and a cornucopia of emerging technological applications. Known elemental 2D materials are composed of III (B), group IV (Si, Ge, Sn etc.) and group V (P, As etc.) elements, and so far borophene [15] , silicene, germanene [16] [17] [18] , stanene [19, 20] and phosphorene have been shown to exist [21] [22] [23] [24] . All these elemental 2D materials share similar buckled honeycomb-like lattices (see Fig.2 ), and yet their electronic structures differ significantly. Two additional advantages set elemental 2D materials apart from the rest of 2D materials. First, elemental 2D materials are inherently more compatible with existing semiconductor technologies than other 2D materials. Silicon and Germanium are backbones of traditional semiconductor industry, and group III and group V elements have long been used as dopants. Second, the mono-element composition may simplify the purification, growth and processing, and lead to high sample quality in the future.
In this review, we focus on the physics and properties of four elemental 2D materials:
phosphorene, silicene, germanene and stanene, and will briefly touch on the others. Whenever possible, we will also assess the potential of making efficient FETs based on these 2D materials for electronic and optoelectronic applications based on what is known so far. In doing so, we note that the research into the elemental 2D FETs is still in its infancy (only recently the first field-effect transistors of few-layer phosphorene [25] and single-layer silicene [26] have been demonstrated). Even though remarkable progresses have been made in such a short period of time, the research has not yet come to the stage where comparison against the wish list of key figure of merits in traditional electron-devices [5] is meaningful.
We will instead use such a wish list as a guide to pinpoint important outstanding problems in the field, and where research efforts should be directed next.
The crystal structure of elemental 2D materials
Let us start with carbon, whose ideal structure is a honeycomb lattice. The four valence electrons per carbon atom are exactly enough to fill all of the bonding electronic orbitals but none of the anti-bonding orbitals. Within the same group, germanium, silicon and tin have an electron configurations similar to carbon. Their most energetically favorable crystal structure is however the diamond structure. To obtain freestanding graphene, it is enough to come up with a smart procedure for isolating the weakly bound layers of graphite.
The same is also true for other layered materials like hexagonal BN, black phosphorus, metal dichalcogenides and some oxides [13, 27] . Si, Ge and Sn, on the other hand, do not have a naturally occurring 3D-layered parent material. The synthesis of those freestanding 2D materials thus requires a more bottom-up approach, such as substrate mediated epitaxial growth.
The structure of germanene was first theoretically proposed together with that of silicene [16, 17] , while stanene was explored later [28] [29] [30] . In contrast to graphene, the honeycomb lattices of silicene and germanene are predicted to be buckled and composed of two vertically displaced sub-lattices with ~ 0.4 Å and ~ 0.7 Å buckling distances between the two A and B sublattices, respectively [17] (see Fig. 1 The archetype single layer silicene, which is the 3×3 phase having a unique orientation matching a 4×4 Ag(111) supercell, results from a delicate balance between the impinging Si flux, the surface diffusion of the deposited Si atoms on the bare and silicene covered areas and the competing in-diffusion toward the sub-surface. The growth is driven by these kinetic processes, which gives a very narrow substrate temperature window within about 200-220°C.
The Ag substrate plays a crucial role in growth of silicene. The "flower pattern" observed both in scanning tunneling microscopy (STM) and non-contact atomic force microscopy (AFM) imaging [21] results from the puckered Si atoms sitting nearly on top of Ag atoms, giving a total corrugation of ∼ 0.07 nm in the silicene sheet (see Fig. 2 ). The study of silicene growth beyond monolayer reveals detailed reaction pathway. A Si adatom first attaches to silicene dangling bonds and then forms bridge bonds with two second neighbor Si atoms of silicene, thereby increasing their coordination number from three to four and forcing the atoms to move in the directions shown in Fig. 2b . The same happens to
Ge and Sn where the dumbbell arrangement is the lowest energy structure for freestanding monolayers by a few hundreds of meV with respect to the hexagonal configuration. The dumbbell formation is exothermic and occurs spontaneously without barriers. When Si, Ge and Sn are grown on a template, the energetic orders of the different structures may change by the interaction with the substrate. For the case of Si grown on a Ag(111) surface, the monolayer honeycomb structure has the lowest formation energy. It is also the case for Ge grown on an Au(111) surface [22] . Theoretically, one of the authors (A.R.) has proposed that after growth of the silicene monolayer honeycomb structure (3×3 on 4×4 Ag(111)), the dumbbell structure corresponding to a 33 phase will naturally form explaining the experimental observations [33] . There are however alternative explanations for this 33 phase in terms of either a weak surface honeycomb reconstruction [34] or a Si-Ag surface alloy structure on top of ultra-thin diamond-like Si(111) [35] .
Looking now to the neighboring columns in the periodic table we have boron and phosphorous as potential candidates to form 2D materials due to their rich chemistry.
However in contrast to P the hexagonal boron sheet is theoretically predicted to be unstable [36] . Boron has been shown to have metallic layered structure composed of buckled triangular motifs in a partially filled honeycomb structure at a specific hole density [36, 37] . This configuration allows the kind of chemical bonds that boron forms best: bonds among three atoms rather than between two. However, as for silicene, germanene and stanene, a hexagonal boron layer could be stabilized by the interaction with a substrate. Indeed crystalline 2D boron sheets (i.e., borophene) have been recently synthesized on silver surfaces [15] . On the other hand, bulk black phosphorous appears in three crystalline structures: orthorhombic, simple cubic, and rhombohedral. The single layer black phosphorous includes two atomic planes and two kinds of P-P bonds: the shorter one connects nearest P atoms in the same plane, and the longer one connects P atoms between the top and bottom of the layer (Fig. 1 ). The thickness of the phosphorene layer is 2.10 Å. Although the threefold coordination of P atoms in phosphorene resembles the honeycomb structure of silicene, there are significant differences.
The phosphorene structure is reminiscent of the (110) plane of the diamond structure while silicene is related to the (111) plane. The bond angles of phosphorene are significantly smaller than the tetrahedral angle. This anisotropic structure is at the origin of some of its interesting electronic and mechanical properties, i.e., flexibility under tensile strain, giant thermoelectric coefficient, such that optoelectronic devices in the mid-and near-infrared spectrum ranges are envisaged, typically, detectors, modulators, and, potentially, light generation devices like light-emitting diodes and lasers, for high-speed flexible electronics systems operating in the multi GHz frequency range and beyond.
Electronic structure of elemental 2D materials
Free standing silicene, germanene and stanene share several peculiar electronic properties. Group IV 2D crystals have half-filled bands derived from p z orbitals which, under inversion symmetry, give Dirac points at symmetry points of the Brillouin zone that are robust against the buckling of the lattice. In graphene the electronic states of graphene near the Dirac (K and K´) points are described by a linear dispersion relation with a Fermi velocity on the order of 10 6 m/s. A similar linear dispersion was observed in 3×3 and 33 silicene [21, 38] by angle-resolved photoemission spectroscopy (ARPES) measurements and by analyzing the quasi-particle interference pattern captured by STM measurements [39] (but not on the isolated silver surface). Yet, the band structure of silicene is significantly modified, not only by the 3×3 reconstruction but also by the strong hybridization with the Ag substrate [33, 40] (therefore the observed linear dispersion does not come from the Dirac bands of the isolated silicene monolayer).
Spin-orbit coupling (SOC) can open a band gap at the otherwise gapless Dirac points:
73.5 meV, 23.9 meV and 1.55 meV gaps for stanene, germanene and silicene, respectively (note that the already weak spin-orbit coupling in graphene is even further suppressed by its flatness). These bulk gaps potentially support topologically protected gapless helical edge modes, which may lead to the quantum spin Hall effect (QSHE). In graphene the spin-orbit coupling is so weak that the QSHE can only occur at unrealistically low temperatures.
Silicene, on the other hand, was shown to preserve its topologically nontrivial electronic structure despite buckling and can host QSHE up to 18 K [41] . The QSHE may occur at temperatures up to 277 K or higher in germanene and stanene [19, 29] , and the temperature could go even higher after functionalization [19] . Moreover, silicene, germanene, and stanene exhibit peculiar topological properties [42] , such as topological superconductivity [41] and quantum anomalous Hall insulator upon photo-irradiation. Upon introducing s-wave superconductivity by proximity coupling, the system becomes a photo-induced chiral topological superconductor. Such topological superconductors possess Majorana bound states in vortex cores in two dimensions (or at the ends of one-dimensional structures), and the Majorana fermions exhibit non-Abelian exchange statistics which may be relevant for topological quantum computing [43] .
The lack of a large bandgap may seem to be a limiting factor for the potential application of group IV 2D materials in nanoelectronics, as a bandgap of ~ 0.4 eV or more is needed for logic operations [5] . Band-gap engineering may mitigate this problem: band gap may be switched on and off by strain [44] ; alternatively, an external electric field applied in a direction perpendicular to the buckled lattice can induce charge imbalance between the sublattices, and open a band gap [44] . In addition, a variable perpendicular electric field can induce a phase transition from a topological insulator to a trivial band insulator, passing through a valley-spin polarized metal [45] , and can also induce superconducting states when doped. A tunable quantum phase transition from a singlet chiral d + id'-wave pairing phase to a triplet f-wave phase could occur, provoking an increase in the superconducting critical temperature [46] . This intriguing triplet superconducting state has time-reversal-invariant weak topological property and can harbor the Majorana zero-mode at its boundary [47] .
Hydrogenation is another way of opening the band gap as demonstrated in hydrogenated graphene (the so called graphane) [48] . Graphane has been predicted to be a wide band-gap insulator with gap of 5.4 eV and its optical properties are dominated by localized charge-transfer excitations stemming from the enhanced 2D screening [49] . The strong electron-hole interaction also leads to the appearance of small radius bound excitons that open the path towards the possibility of excitonic Bose-Einstein condensation [49] .
Meanwhile, silicane and germanane are predicted to be stable in freestanding form being semiconductors with indirect (~ 3 eV) and direct (~ 2 eV) band gaps, respectively [50] . Fully hydrogenated group-IV monolayers are predicted to be nonmagnetic semiconductors.
However, partially hydrogenated silicene, germanene with chair configuration may exhibit magnetic properties [51] . Varying H-concentration may also allow for the modulation of electronic properties for applications in nanoelectronic and nanophotonic devices [52] .
Phosphorene, on the other hand, is known to be a semiconductor in its pristine form [53] [54] [55] . This reflects the fact that elements in group V have one more valence electron than those in group IV, so that the half-filled bands of the group IV 2D crystals are now fully filled. Although this simplified picture does not capture the full complexity of the electronic structure, calculations show that the states near the band edge are indeed p z in nature [56, 57] .
Direct measurement of the band gap in monolayer phosphorene is not yet available, and calculations [56, 57] have put the value at ~ 1.8 eV. As monolayers are stacked together to form few-layer crystal, the interlayer interaction gives rise to dispersive bands in the out-ofplane direction: a recurring theme in the 2D crystal family. In few-layer phosphorene, stacking has the effect of reducing the bandgap, from ~ 1.8 eV (in monolayer) to ~ 0.3 eV (in the bulk) [57] [58] [59] [60] [61] [62] [63] . The band gaps are direct so that the transition across the gap couples strongly to light. So by varying the number of layers (i.e. thickness), it is possible to tune the bandgap to cover visible red to mid-infrared (Fig. 3) -a wide spectral range that is important to solar energy harvesting, communication, and remote sensing. Few-layer phosphorene therefore has the potential to serve as a high performance material in optoelectronic devices. Moreover, the puckered orthorhombic structure induces strong in-plane anisotropy in its electronic, optical and phonon properties [64, 65] . As a result, the effective mass of carriers along the zigzag direction is about ten times larger than that along the armchair direction [64] . The anisotropy also leads to a plasma resonance that has a vectorial dependence on the momentum, so that the plasma frequency can be tuned by the linear polarization direction of the incident light [66] .
The fact that 2D crystal itself is a surface leads to a key advantage: it is strongly influenced by its environment so that external perturbations could be utilized to modulate its material properties. In particular, because all elemental 2D materials are buckled excepted for graphene, an electric field applied perpendicular to the sample plane could induce a potential difference on lattice sites above and below the plane that are otherwise symmetric. As a result, the electronic structure of the 2D materials is modulated by the electric field through the Stark effect. It has been predicted that silicene undergoes a topological phase transition as a function of the applied electrical field from a Z 2 topological insulator to a normal insulator in a strong enough electric field [45] . A similar effect is expected for germanene and stanene but with a required larger external electric field. In phosphorene, the electric field has the opposite effect of closing the band gap and reopens it to form a topological insulator [67] . The fieldinduced band closing has recently been observed on the surface of black phosphorus under potassium doping [68] . The tunable phase transition, if realized, could lead to the QSHE and opens the possibility of "field effect topological transistor" where both spins and charge can be manipulated simultaneously [67] .
Pressure and strain has similar effect of closing the bandgap in black phosphorus [69] [70] [71] [72] [73] [74] [75] . Although the covalent bond between phosphorus atoms is stiff against compression, a change in the bond angle in the puckered lattice allows for a large deformation in the armchair direction under a moderate pressure so black phosphorus is extremely soft. Because the direct band gap is mainly determined by the out-of-plane p z -like orbital, a slight change in the bond angle of the puckered phosphorene layers strongly modulates the direct band gap. It has been shown experimentally that a moderate pressure (~1.2 GPa) induces an electronic transition from semiconductor into semimetal in bulk black phosphorus [75] . The semimetal phase is accompanied by a colossal magnetoresistance and the emergence of Dirac quasi-particles with non-trivial Berry phase [75] . Higher pressure (> 4 GPa) drives a structural phase transition from the orthorhombic to the rhombohedral phase, and the bulk black phosphorus turns into a metal (and a superconductor at low temperatures) [76, 77] . So far such experimental investigations on effects of pressure/strain have been performed on bulk black phosphorus crystals. It remains to be seen whether mono-or few-layer phosphorene exhibits the electronic and structural transitions and hosts Dirac quasiparticles and superconductivity in the 2D limit when subjected to pressure/strain.
Fabrication of elemental 2D materials
The seminal paper on silicene growth reported a "flower pattern" observed in STM [21] , which was later confirmed [78] . Remarkably, reflection high energy positron diffraction experiments gave the same atomic geometry of the 33 reconstructed silicene as the one derived from the DFT-GGA calculations [79] , which was further confirmed in a dynamic low-energy electron diffraction (LEED) study [80] . Another 2D phase, formed at a slightly higher temperature with, again, no direct evidence of a honeycomb arrangement of the Si atoms in STM or AFM images, was understood in a similar fashion. The phase was interpreted as a rotated and slightly stretched √ 7 √ 7R( ± 19.1°) silicene phase in coincidence with √ 13 √ 3R( ± 13.9°) silver (111) supercells, giving 4 rotated (but symmetry equivalent) domains [81, 82] . Finally, a pseudo "2√32√3)R(30°)" phase (in terms of Ag(111) basis vectors) prepared at significantly higher substrate temperatures ( 270°C) was shown to be a dying phase [83] , which collapse into a surface alloy [83] at such elevated temperatures. Similar experimental evidence for buckled silicene on diboride thin films [84] and Ir(111) [85] was presented. So far the primitive monolayer silicene lattice has not been observed on any of these surfaces, because silicene invariably interacts with the substrates [86, 87] , typically forming hybridized states as demonstrated on Ag(111) [40] . Such hybridization also explains why no Landau levels were detected in tunneling spectroscopy measurements in high magnetic fields [88] .
The success in synthesizing silicene on metallic templates has triggered research on germanene on analogous substrates. The first report in 2014 for buckled germanene on Pt (111) [89] was, however, questioned as surface alloy formation [90] . Also in 2014, a germanene phase on Au (111) Au(111) supercell [22] . A significant progress was soon achieved [23] by depositing the Ge on an Al(111) template at only 80°C. The process yields a unique phase that was recognized as continuous, uniform 2  2 reconstructed germanene in conjunction with 3 3 Al (111) supercell. This is very encouraging because such a pure phase will greatly facilitate detailed characterization and its transfer to an insulating substrate for device fabrication.
While the bottom-up growth of phosphorene has not yet been realized, top-down isolation of phosphorene thin flakes, both mechanically [25, [91] [92] [93] [94] and chemically [95] [96] [97] , from bulk black phosphorus crystals has been successfully demonstrated. Both top-down approaches were developed in the early days of graphene research, and each of the two approaches provides distinct advantages. Mechanically exfoliated black phosphorus offers superior sample quality that is important for exploration of new physics in the clean limit, and for the development of proof-of-principle electronic/optoelectronic device prototypes, whereas chemical exfoliation is able to produce large quantity of the material for applications that do not need high quality. The availability of high quality, mechanically exfoliated fewlayer phosphorene has fueled the rapid progress in the understanding of its material properties and in the development of prototypical electronic and opto-electronic devices, as we shall discuss later.
Elemental 2D field effect transistors
Before 2014, a widely spread opinion, as expressed in ref. 13 , is that "The 2D silicon can be grown epitaxially and investigated in high vacuum. However it is not expected to survive isolation from its parent substrate or exposure to air. With contemporary technologies, the silicene transistors envisaged in the literature cannot be made". More recently, the question "Can a silicene transistor be realized?" has been posed [98] . Hence, the announcement in 2014 of the realization of silicene FET operating at room temperature was a big surprise [26] , and the ingenious fabrication procedure may be applicable to germanene and stanene as well. The authors grew single layer silicene under ultra-high vacuum on a thin epitaxial Ag(111) film on mica, encapsulated it in situ with a thin alumina film, and then delaminated the Ag-silicene-alumina sandwich in air and flipped it down onto a SiO 2 /Si wafer.
Using wet etch, they could pattern the silicene channel and the source/drain electrodes, and at the same time retard the oxidation/degradation of the air-exposed silicon channel. Even though the silicene FET could only survive for a few minutes under ambient conditions, the authors managed to show an ambipolar charge transport with mobilities of ~ 100 cm 2 V -1 s -1 for both electron and holes and an ON/OFF ratio of about 10. This was a real success for a first try, with plenty of room for better performance in the future.
The FETs based on few-layer phosphorene were first reported in 2013 (ref. 99) , followed by several published works shortly after [25, [91] [92] [93] [94] . As black phosphorus has a bandgap of ~ 0.3 eV, the FETs have a much improved switching performance with an on-off ratio up to 10 5 (compared with ~ 10-100 in FETs based on gapless graphene and silicene).
Thanks to the gap, well-behaved drain current saturation in the I-V characteristics has been demonstrated (Fig. 3c) . Such saturation is important not only in digital transistors but also for improving power gain in RF analog devices [6] . It is important to note that so far black phosphorus flakes that are used to build the FET prototypes are at least a few nanometer thick.
The bandgap in those flakes is still mostly in the bulk limit (i.e. ~ 0.3 eV). The on-off ratio will certainly increase when monolayer phosphorene, which has a bandgap of ~ 1.8 eV, is used in the future.
The quality of an electronic material is characterized by its carrier mobility, which largely determines how fast the device could operate in high-speed logic and RF electronics.
High carrier mobilities are also crucial for studying the quantum transport in black phosphorus in the clean limit. Two types of mobilities are often reported in the literature:
field-effect mobility and Hall mobility. The field-effect mobility is however prone to artificial inflation [101] so here we only refer to Hall mobility in our discussion. The first few-layer phosphorene FETs used SiO 2 as the substrate, and the fabrication was done in air. Even though these are not conditions conducive to high mobility (SiO 2 substrates tend to have charged impurities and black phosphorus surfaces are known to degrade in air [102] [103] [104] [105] ), the FETs exhibit mobilities up to 1000 cm 2 V -1 s -1 at room temperature. From the temperature dependence of the mobility (Fig. 4a) , which follows that of typical semiconductors, it is clear that the room-temperature mobility is limited by phonon scattering, whereas the lowtemperature mobility is limited by impurities. Much like the 2D electron systems (2DES) found in Si MOSFETs and GaAs/AlGaAs heterostructures [106] , the 2D conductive channel of a black phosphorus FET is tightly confined to the surface layers by the gate electric field, and forms a new type of 2DES [101, [107] [108] [109] . In the past two years, the carrier mobility of black phosphorus 2DES has improved tremendously (Fig. 4a) , at a rapid pace seen in the early days of GaAs/AlGaAs heterostructure development [110] . The main task here is to reduce the effect of impurity The persistent mobility improvement culminated in the observation of quantum Hall effect (QHE) in high quality black phosphorus 2DES [117] . Before the QHE sets in, the formation of Landau levels in black phosphorus 2DEG leads to well-developed Shubnikov-de Haas (SdH) oscillations, which provide a useful tool for probing Landau level energetics in black phosphorus 2DES. It has been shown that the spin-splitting energy in black phosphorus 2DES is an appreciable fraction of the cyclotron energy (up to ~ 0.8 for hole carriers) [117] . This is in stark contrast with graphene or GaAs-based 2DEGs, where the ratio of the two energy scales is of the order of 10 -2 , but rather close to ZnO system with a ratio of 0.95 [119] .
In light of recent observations of peculiar even-denominator fractional QH states in ZnObased 2DES as a result of spin-splitting induced Landau level crossing [119] , black phosphorus 2DES may provide a new venue for exploring exotic many-body physics that are potentially relevant for topological quantum computing.
The combination of high mobility and a variable bandgap makes phosphorene a promising candidate as an electronic and opto-electronic material. In the "more Moore" domain, the FET miniaturization has to be accompanied by faster and more power-efficient operation -the "triple dividends of MOSFET scaling" -in order to maintain continuous performance improvements [120, 5] . To this end, the role of contact resistance and short channel effects has been investigated in black phosphorus FETs with channel length down to 100 nm [121] . In the "more than Moore" domain, high speed operation of RF transistors based on few-layer phosphorene has been demonstrated; cutoff frequency f T and maximum oscillation frequency f max of 12 GHz and 20 GHz, respectively, have been achieved in 300 nm channel length devices (Fig. 5a ) [122] . Meanwhile, photo-detectors based on black phosphorus have been shown to work from ultraviolet to mid-infrared region [123] [124] [125] [126] [127] 
Perspectives and Challenges
The fundamental research and applications of elemental 2D materials is still in its thicknesses of the channel and oxide. largely determines the limit of the gate length before undesirable short-channel effects set in [128] . Granted everything else equal, the atomically thin 2D channel provides further scaling beyond FET technology based on conventional 3D
bulk semiconductors (more elaborate calculations gives a more optimistic estimation of for atomically thin channels [129] ). Elemental 2D materials discussed in this review offer additional advantages: availability of a variable bandgap (in phosphorene), compatibility with existing Si technology (for silicene and germanene), and potential high sample purity as a result of their mono-element nature.
The advantages certainly give elemental 2D materials a head start in the race. But for them to be viable at high operation speed and under extreme scaling, they will have to meet a minimum set of requirements that are summarized in a "wish list" in ref. laboratories; one such attempt has been reported [145] ). For silicene and germanene, this means transferring the atomic layer to a desirable insulating substrate without compromising the sample quality, or direct growth on insulating substrates.
The success of elemental 2D materials should not be judged solely based on their application in nanoelectronics. They are very sensitive to external perturbations, which may make them promising candidates for various types of sensor [96, [146] [147] [148] [149] [150] . The interband optical transitions of few-layer phosphorene cover a wide spectrum range from visible to midinfrared that is important for telecommunication and solar energy harvesting [132, 151, 152] .
Together with a high mobility and the capability to further fine-tune the bandgap with mechanical strain and/or electrical field, monolayer and few-layer phosphorene could lead to optoelectronic devices over a broad spectral range. Last but not least, the semi-metallic (group IV) and semiconducting (group V) 2D elemental materials could potentially find their applications in flexible, transparent electronics/optoelectronics [146, 153, 154] .
As the material research community turns its attention to 2D materials beyond graphene, new 2D materials are discovered (or re-discovered) on a weekly basis. There are estimated to be a few hundred more that are waiting to be explored, and the research on 2D materials will stay active in the foreseeable future. Among the vast number of 2D materials, elemental 2D materials occupies a special place due to their diverse properties and their mono-elemental nature. It's conceivable that eventually only few 2D materials will find their way into industry, if at all. We believe that elemental 2D materials will be among those selected few.
